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The structural properties of mesoporous silica nanoparticles are reviewed. Different strategies for 
the introduction of functional groups are considered.  Based on the architectural features of the 
material, the functionalization at defined regions of the particles is described, along with the 
properties emerging from the corresponding site-specific modifications of their chemistry.  Many 10 
applications derived from the unique architecture and chemistry of these nanostructured composite 
materials are shown.
1. Introduction 
 Mesoporous silicas were discovered in the early 1990s by 
scientists at Mobil Oil Company and by Kuroda and co-15 
workers, in part as a response for the need of extending the 
applications of zeolites.1-3 The new materials with well 
ordered pores in the range of 2-10 nm in width were designed 
to handle molecules that were too large to fit in the 
micropores of the existing zeolites.  The synthesis of materials 20 
with even wider pores (up to 30 nm) by Stucky and co-
workers expanded further the scope of molecules that would 
fit within the pores.4  The potential of mesoporous materials 
to perform the same tasks as zeolites was quickly recognized.  
Soon, they were utilized in the fields of catalysis, separation, 25 
ion exchange, molecular sieving, and adsorption.5-10  It did not 
take long to realize that the new dimension of the well ordered 
pores could lead to entirely new types of applications.  
Mesoporous silicas were used, for example, to catalyze the 
formation of conductive polymers within their pores,11-15 or 30 
even as templates for some of the first synthetic procedures of 
conductive carbon nanowires.16 Synthetic mesoporous silicas 
were also proposed for environmental remediation: upon 
functionalization with mercaptopropyl groups, the materials 
proved to be able to remove heavy metals from water.17, 18 35 
Even molecules as large as proteins could be immobilized in 
mesoporous materials, as demonstrated by Díaz and Balkus.19  
Vallet-Regi and co-workers proposed the use of mesoporous 
materials for drug release, and demonstrated the loading and 
slow release of ibuprofen from the materials in solution.20, 21  40 
Other important applications included the development of 
sensors and energy transfer devices.22-27  Though exciting, all 
of these early applications were still limited by a lack of 
control of particle size and morphology.  The ability to 
produce particulate material with defined shapes and 45 
monodispersed sizes would increase further the spectrum of 
applications of mesoporous silicas. 
2. Control of structural properties 
2.1 Particle size and morphology 
 The synthesis of mesoporous silica requires the 50 
participation of a templating agent, typically a surfactant in 
aqueous solution which is either neutral or charged.  The 
template directs the polymerization of silicates from a 
precursor, typically an ester of orthosilicic acid.28  The control 
of particle size and morphology of mesoporous silica can be 55 
attained in different ways, with the fundamental variables to 
control being the relative rates of hydrolysis and condensation 
of the silica source, and the magnitude of the interactions 
between the growing silica polymer and the assembled 
templates.  These variables can be controlled by choosing 60 
different templates, by controlling the pH of the synthesis, and 
by using co-solvents or additives.29-31  For example, the use of 
high concentrations of template and hydrophobic auxiliaries 
produces emulsions that lead to the formation of silica at the 
oil-water interphase.  This interfacial growth generates long 65 
range mesostructures, which result in hard mesoporous silica 
spheres with sizes in the range of hundreds of microns up to 
millimeters as demonstrated by Stucky and co-workers.32  
While the optimal stir rate for obtaining large spheres in the 
emulsion route is around 300 rpm, lower rates lead to long 70 
fibers and faster stirring leads to fine powders.33  Ozin and co-
workers studied the shape transitions associated with changes 
in pH and reported the obtention of spherical mesoporous 
particles in the range of 1 to 10 microns by controlling the 
rate of particle growth at mildly acidic conditions.34  By 75 
modifying the classic Stöber synthesis of silica, using 
ethanolic solution of ammonia, Unger and co-workers were 
able to prepare sub-micron (around 500 nm) sized mesoporous 
silica spheres, and suggested their use for chromatography.35 
Further refinements to the modified Stöber synthesis led to 80 
even smaller particles (30 – 500 nm).36, 37  The evaporation of 
solvent from an aerosol containing the template and the silica 
source is a way to produce particles in the range between 100 
and 500 nm as reported by Brinker and collaborators.38  Mann 
and co-workers developed a strategy based on the quenching 85 
of the template directed synthesis of mesoporous silica to 
obtain particles with sizes ranging from 15 to 200 nm.39  Lin 
and co-workers demonstrated that the controlled addition of 
the silica source to a dilute, preheated and rapidly stirred 
aqueous solution of surfactant could yield particles with sizes 90 
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around 200 nm, and coined the term mesoporous silica 
nanoparticles (MSN) to describe this material.  The synthesis 
takes place in a relative short time, as compared to the 
typically long hydrothermal procedures.40-43  The addition of 
different alkanes as co-solvents is also a method to reduce the 5 
stability of mesophases and thus produce shorter micelles, 
which result in sub-micron mesoporous silica particles.44  The 
introduction into the reaction media of a second templating 
agent, with a different affinity for silica, leads to the 
generation of a layer surrounding the particles, limiting thus 10 
their growth to sizes as small as 20 nm.45-47 
 The use of organo substituted trialkoxysilanes as co-
structure directing agents can also lead to morphology and 
particle size control of MSN.  By using a series of  alkyl 
substituted silanes with various functionalities Lin et al 15 
showed that it is possible to generate diverse morphologies 
such as rods, beans or spheres, with precisely controlled 
particle sizes.  If the organic groups are not desired in the 
final material, they can be removed by calcination.48  Similar 
results were reported by Mann and co-workers for three 20 
functional groups,49 and by Che, Tsatsumi and co-workers by 
using an anionic surfactant route.50 Furthermore, 
multifunctionalization is possible by this method and the final 
particle morphology typically depends on the molar ratios of 
the co-condensing agents employed as demonstrated by Lin 25 
and co-workers.51  A particularly interesting morphology is a 
twisted one, reported first by Che and co-workers by using a 
chiral anionic surfactant, sodium N-acyl-L-alanate, and  
aminopropylsilane or quaternarized aminopropylsilane as co-
structure directing agents.52  Lin and co-workers demonstrated 30 
that it is possible to obtain twisted MSN without the 
participation of a chiral surfactant, by using room temperature 
ionic liquids as templates for the synthesis of the material 
(Figure 1a).53  Later, Zhao and co-workers showed that the 
addition of a perfluorinated carboxylate to the reaction 35 
mixture could also lead to the formation of twisted MSN 
without using chiral precursors.54 
 Particle size and morphology of MSN are usually assessed 
by electron microscopy, although dynamic light scattering is 
often considered a more reliable method to determine size.  40 
One of the fields that can benefit greatly from the control in 
particle size and morphology of MSN is the biomedical.  
Since MSN are much smaller than most eukaryotic cells, they 
can be employed for performing tasks at the subcellular level.  
Lin and co-workers showed that the interactions of MSN with 45 
living animal, plant and bacterial cells can take place either in 
the extracellular space,40, 53 or in the interior of the cells as 
will be described later.42, 55, 56  Following these discoveries 
many other research groups recognized the enormous 
potential of this material for the biomedical field, and 50 
contributed to expand this important application.57-62 The 
relevance of shape and morphology of MSN for their 
interaction with living cells was demonstrated when Lin et al 
observed that tubular MSN were taken up with higher 
efficiency by cancerous and non-cancerous cells than 55 
spherical ones.63  Other researchers provided recently 
additional demonstrations of the importance of particle 
morphology in their interactions with cells.64  Upon studying 
the interaction of mesoporous silica particles with antigen 
presenting dendritic cells, Vallhov and co-workers showed 60 
that while the nanosized particles were up taken by the cells 
without significant effects, micron sized ones were highly 
immunogenic.65  Materials synthesis can benefit also from the 
structural control of mesoporous silicas.  For example, the 
production of nanowires with specific aspect ratios by using 65 
mesoporous silica as templates could be facilitated if the 
particle size of MSN is monodisperse.66  So does the 
production of carbon or metal replicas of MSN if they are 
intended for applications in confined spaces.67  Small particle 
size and controlled morphology can be relevant also for 70 
catalysis and sensing because of the uniform and increased 
diffusion rates that can occur within short pores, and because 
small and regular sized particles give more homogeneous 
dispersion of catalysts, unfortunately these properties have not 
been systematically studied yet. 75 
Fig. 1 Different particle and pore morphologies of MSN: a) rods with 3 
nm wide helicoidal pores, b) spheres with 4 nm wide hexagonal pores, c) 
spherical with 3 nm wide cubic pores, and d) hexagonal with 10 nm wide 
hexagonal pores. 
2.2 Pore size and morphology 80 
 The defining properties of any mesoporous material are 
typically the pore structure and size.  The pore structure is 
measured by its low angle powder x-ray diffraction and by 
transmission electron microscopy.  The pore width is usually 
measured by nitrogen sorption.  The wall thickness of the 85 
materials is usually determined by a combination of the x-ray 
diffraction data and the pore size distribution obtained from 
nitrogen sorption analysis.  The most common mesophases in 
silicas with pore sizes between 2 and 5 nm are the 2D 
hexagonal p6m, the 3D cubic Ia3d and the lamellar p2 90 
corresponding to MCM-41, MCM-48 and MCM-50 materials, 
respectively.68 (Figure 1b and c) For silicas with larger pore 
sizes (6 to 20 nm wide) the most frequently reported is the 2D 
hexagonal p6mm structured SBA-15,4 although large pored 3D 
c) 
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cubic silica materials such as IBN-2 (Fm3m) are also known.46  
The pore structures of mesoporous materials are controlled by 
many parameters.  Considering that the mesophase formation 
is a cooperative process between the template and the growing 
silica polymer, the main factors determining the pore structure 5 
are the relative amounts of silica source and surfactant in 
solution,68 and the packing capacity of the surfactant.31  While 
the packing parameter of the surfactant is a function of its 
molecular structure, its aggregation in solution depends on its 
concentration and on the pH of the solution.  Mesoporous 10 
silicas can be prepared at both, acidic and basic pH, and 
different mesophases are prevalent at different pH values.  For 
example, while high pH values (>12) produce fast 
condensations that lead to lamellar mesophases, moderately 
basic ones (10-12) induce the preferential formation of 15 
hexagonal structures.29 
 As mentioned above, twisted pore morphologies can be 
obtained by use of co-structure directing agents, specific 
surfactants or additives. While the slow diffusion through 
twisted pores could be a drawback for a catalyst, it might be a 20 
property of interest for applications that require a sustained 
release of a payload over a longer time.  For example, upon 
varying the pore structure of MSN from cylindrical channels 
to twisted ones, Lin and co-workers were able to obtain 
different degrees of antibacterial effects of ionic liquid-25 
containing MSN.53 
 An interesting property arising from the porosity of MSN, 
is its reduced hemolytic activity compared to non-porous 
silica particles, as Lin and co-workers recently discovered. 
While MSN’s large surface area is rich in hemolytic silanol 30 
groups, it has to be pointed out that most of these groups are 
hidden in the interior of the particles.  This special 
distribution is responsible for the enhanced biocompatibility 
of MSN with red blood cells in comparison to the higher 
toxicity of amorphous silica.69 35 
 The pore width can be adjusted either during synthesis or 
by post-synthesis hydrothermal treatment.  The production of 
a particular pore size during synthesis can be performed by 
selecting surfactants with varying lengths of the hydrophobic 
chain, or by using swelling agents such as mesitylene.2, 4  The 40 
use of additives for pore expansion during synthesis might 
require additional tuning of the other conditions if 
monodispersed nanoparticulates are desired, because the 
additives can change the hydrophobic-hydrophilic balance in 
the reaction media.  Lin et al were able to expand the pores of 45 
MSN from 3 to 5 nm without relevant distortion of its particle 
size and morphology by using mesitylene as expander.  The 
pore-enlarged MSN were used as vehicles to deliver a 
membrane impermeable protein, cytochrome c, into human 
cancer cells.70  The post-synthesis hydrothermal treatment is a 50 
convenient alternative to increase the pore size without 
inducing changes in the size and morphology of the pre-
formed particles.  The method typically involves subjecting 
the freshly prepared material to autogenic pressure at 
temperatures from 373 to 423 K and may or may not include 55 
additives such as salts or long chain primary amines.31, 71-73  
The use of secondary templating agents is another approach to 
control the synthesis of wide-pore materials with 
monodispered sub-micron particle size, as demonstrated by 
the groups of Ying, Botella and Corma.  In separate works, 60 
these research groups combined a fluorocarbon-based 
surfactant with a polymer-based surfactant to control 
simultaneously pore and particle size.46, 47  Taking advantage 
of these wide pores (20 nm) Botella, Corma and co-workers 
reported the immobilization of firefly luciferase plasmid in 65 
aminopropyl-functionalized extra wide-pore MSN, and 
suggested its use for cell transfection.47 
3. Functionalization of mesoporous silica 
nanoparticles for various applications 
3.1 Characterization of functional groups and composites 70 
 One of the most advantageous properties of MSN is the 
ease with which it can be functionalized with a variety of 
moeities in different regions of the particle.  The introduction 
of functional groups make MSN highly versatile and enables 
them to perform specialized tasks.  A variety of methods are 75 
available to verify and quantify the incorporation of the non-
siliceous groups.  One of the most powerful tools for that 
purpose is multinuclear magic angle spinning NMR.74, 75   
Pruski, Lin and co-workers demonstrated that through 
correlation experiments this technique enables not only the 80 
simultaneous identification and quantification of multiple 
functionalities,76, 77 but also the characterization of the 
selective removal of organic moieties from the material by 
calcination.78  The different types of silanol groups as well as 
their relative orientations and the distribution of adsorbed 85 
water can also be determined by this technique.79, 80  Other 
common techniques include infrared,74 Raman,81, 82 
ultraviolet/visible, fluorescence,83 and electron paramagnetic 
resonance spectroscopies,84 as well as zeta potential,55 
temperature programmed desorption,85 elemental and 90 
thermogravimetric analysis.85  The concentration of silanol 
groups in mesoporous silica is typically around 3 groups/nm2 
corresponding to approximately 5 mmol/g for an MSN with an 
average surface area of 1000 m2/g.80, 85  The amount of 
functional groups that is usually introduced into the surface of 95 
the material range between 0.1 and 3 mmol/g.  Considering 
the structure of MSN and their applications there are three 
specific sites of functionalization that are of interest, namely: 
the pore walls, the interior/exterior surfaces of the particles, 
and the entrance to the pores (Figure 2).  We will describe 100 
each one in more detail. 
3.2 Functionalization of the pore wall 
 The main advantage of introducing any functionality within 
the pore walls of MSN is that the non-siliceous group will not 
partially block the mesopores.  This allows for a better 105 
diffusion of the molecules of interest through the pores when 
using the material.  This can be considered an advantage only 
in situations in which the groups are not intended to behave as 
selective gates for allowing specific guest molecules to reach 
the point of interest within the pores. 110 
 Mesoporous silicas containing organic groups in their walls 
are better known as periodic mesoporous organosilicas 
(PMO), and were reported in 1999 by three different groups 
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led by Ozin, Inagaki and Stein, respectively.86-88  Since the 
introduced groups are expected to conform to the framework 
of the material, they usually impact the hydrophilic-lipophilic 
balance of the system.  This effect makes it more difficult to 
adjust the synthetic conditions to simultaneously obtain well 5 
ordered pores and a particle size and morphology of interest.  
This is the reason for the limited number of regularly sized 
PMO nanoparticles found in the literature.89-91  An example of 
nanosized PMO is given in the report by Qiao, Lu and co-
workers in which they prepared a core-shell nanocomposite 10 
with a layer of ethylene bridged PMO surrounding a core 
containing iron oxide nanocrystals.  The average particle sizes 
ranged from 130 to 230 nm depending on the amount of 
surfactant employed in the synthesis, and the authors 
suggested their use for drug delivery and as contrast agents 15 
for magnetic resonance imaging  (MRI).92  
Fig. 2 Introduction of functional groups in different regions of MSN: a) at 
the external surface, b) at the pore entrances, or c) within the walls. 
Different metals have been incorporated into the walls of 
mesoporous silica materials, however, the introduction of 20 
metals usually leads to some decrease in the order of the 
mesophase.5  One of the most common elements found in 
mesoporous silica matrices is aluminum, which has been 
employed for various catalytic processes.  Mesoporous 
aluminosilicate nanoparticles were prepared by Zhai and co-25 
workers by using polyethylene glycol to surround the formed 
particles thereby ensuring the obtention of particles as small 
as 20 nm.93  Most of the inorganic-bearing mesoporous silicas 
with defined particle morphology consist of inorganic 
nanoparticles trapped within the material or with core-shell 30 
nanoparticles.  For example Shi and co-workers grew a layer 
of mesoporous silica on a hematite nanocore to obtain 
magnetic MSN that were used to load and release ibuprofen as 
a model drug.94  Hyeon and co-workers prepared MSN with 
magnetic nanoparticles and quantum dots (CdSe/ZnS) 35 
embedded in the matrix of the material.  They also studied the 
capacity of the material to load and release ibuprofen in 
aqueous solution.95  Yamashita and co-workers prepared iron 
oxide and titanium oxide-embedded MSN, and used them for 
catalytic oxidation reactions.96  Mou and collaborators 40 
incorporated gadolinium to the walls of mesoporous silica to 
obtain nanocomposites that showed higher relaxivities than 
standard gadolinium-based contrast agents.  Based on this 
behavior the authors proposed the use of the material for 
magnetic resonance imaging.97  The incorporation of a 45 
fluorescent dye in addition to gadolinium into mesoporous 
silica gave nanoparticles capable of bimodal imaging.98  Mou 
and co-workers covered iron oxide magnetic cores with a 
regular silica shell and then added these nanoparticles to the 
synthesis mixture of MSN.  The result were MSN with lumps 50 
bearing the magnetic nanoparticles.  This material was 
fluorescently labeled and then introduced into NIH 3T3 cells 
and suggested for bimodal imaging.99  This material was later 
administered to live mice and used for in vivo bimodal 
imaging.100 55 
3.3 Functionalization of the external and internal surfaces 
 A distinctive characteristic of MSN is that they have two 
defined surfaces: an internal and an external one.  The 
differences between these two surfaces have proven to be 
relevant for a variety of phenomena.  For example, Lin et al 60 
demonstrated that by growing a dense polymer on the external 
surface of the particles, and by immobilizing an amine 
reactive fluorophore in the internal surface, selectivity could 
be induced for the detection of neurotransmitters.  The 
polymer, poly-L-lactic acid, which was partially blocking the 65 
entrance to the pores, was able to establish different 
electrostatic interactions with the neurotransmitters tested, 
thereby inducing selectivity in the sensor. The concept of 
“gatekeeping” in mesoporous silicas was coined to describe 
this phenomenon.41 70 
 The functionalization of the surfaces of MSN is usually 
attained using organo-substituted trialkoxysilanes.  These 
reagents can be incorporated into MSN by two different 
approaches, namely during the synthesis of the material by co-
condensation, or by post-synthesis grafting.  The co-75 
condensation approach was initially reported by three 
different groups led by Mann,74  Macquarrie,101 and Stein, 
respectively.102  The main advantage of the co-condensation 
method is that the functional groups are evenly distributed 
throughout the entire material.103  This is especially true when 80 
the substituent groups are electrostatically matched with the 
surfactant, as Lin and co-workers demonstrated by using 
disulfide exchange chemistry to compare the loading of 
mercaptopropyl groups in cetyltrimethylammonium bromide 
(CTAB) templated MSN.43  The experiment consisted in 85 
coupling 3-mercaptopropyltrimethoxysilane with dipyridyl 
disulfide activated 2-mercaptosulfonic acid and 3-
mercaptopropionic acid to obtain sulfonate and carboxylate 
bearing silanes, respectively.  The mercaptopropyl 
functionalized MSN was then prepared by co-condensing 90 
tetraethoxysilane (TEOS) with each of the derivatized silanes 
and with unmodified 3-mercaptopropyltrimethoxysilane.  
After the synthesis of each material and removal of the 
surfactant, the disulfide groups were cleaved and the 
accessible thiols were quantified in each product.  The 95 
quantification showed that the MSN prepared with the most 
acidic scaffold (sulfonic acid) gave the highest loading (1.56 
mmol/g) of accessible thiol groups in the resulting MSN, 
followed by the less acidic carboxylic group (0.97 mmol/g) 
and the least acidic unmodified thiol (0.56 mmol/g).  This 100 
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demonstrated the possibility of chemically controlling the 
amount of accessible groups introduced into MSN.43  The 
electrostatic matching approach was also exploited by Che 
and co-workers when they used mixed anionic and cationic 
surfactants to template the formation of base and acid 5 
bifunctionalized mesoporous silica.  They used gemini 
surfactants bearing two ammonium and two carboxy groups, 
and used them to direct the co-condensation of TEOS with 3-
aminopropyltrimethoxysilane and sodium 
carboxyethylsilanetriol.  The proximity of the groups was then 10 
determined by the formation of amide bonds between them.104 
 The differences between the co-condensation and grafting 
methods of functionalization were pointed out by Lim and 
Stein when they used nitrogen adsorption experiments, x-ray 
photoelectron spectroscopy and reaction kinetics to study the 15 
distribution of vinyl groups in mesoporous silica.  They found 
that the vinyl group was less homogeneously dispersed when 
grafted than when co-condensed.  They observed that most of 
the groups in the grafted material were located in the external 
surface and that the internally grafted functional groups were 20 
in close proximity to the pore entrances.  The grafted material, 
however showed greater hydrothermal stability than the co-
condensed one.105  Mou and co-workers studied the grafting of 
silanes in ethanol using a mesoporous material that still 
contained surfactant.  Since the surfactant is soluble in ethanol 25 
they suggested that a slow exchange between the surfactant 
and the incoming silyl reagents could lead to a uniform 
monolayer coverage.  They fitted the loaded amounts of the 
silanes to Langmuir isotherms and the observed behavior 
suggested monolayer formation.106 30 
 One of the most attractive aspects of the grafting approach 
is the potential to introduce functional groups on the external 
surface while the surfactant is still inside of the pores, then 
remove the surfactant and introduce a second group so that it 
functionalizes the internal surface of the material.  This 35 
method was proposed by De Juan and Ruiz-Hitzky, when they 
managed to graft 1.2 mmol/g of trimethylchlorosilane on 
mesoporous silica while the surfactant was still present.  
However, after removal of the surfactant by acid extraction 
only 0.15 mmol/g of phenylpropyldimethylchlorosilane could 40 
be grafted.  They also found that if the aryl species was 
grafted first, the load was 1.15 mmol/g.107 These results 
suggest that there might be some degree of multilayer 
formation upon grafting, and that there is some restriction of 
the second silane reagent to penetrate the mesopores.  The 45 
penetration of silanes into the mesopores of MSN despite the 
presence of the surfactant was recently demonstrated by 
Gartmann and Brühwiller by means of confocal fluorescence 
microscopy.  The selective functionalization of both surfaces, 
however was attained by using bulky substituted silanes and 50 
using low polarity solvents for introducing the external groups 
and more polar solvents for the internal ones.108 
 A way to improve the site isolation of functional groups 
introduced by grafting is through the use of bulky protecting 
groups that minimize interactions such as hydrogen bonding. 55 
Jones and co-workers, for example, protected 
aminopropyltrimethoxysilane with a trityl group forming an 
imine, and grafted this product onto mesoporous silica. The 
distances between the introduced groups were measured by 
excimer/monomer formation of 1-pyrenecarboxylic acid.109  60 
Another interesting way to produce well-defined distances 
between functional groups by grafting is the use of pre-
assembled species.  Davis and co-workers demonstrated this 
approach by coupling 3-mercaptopropyltriethoxysilane and p-
(2-trimethoxysilylethyl)benzenesulfonic acid through a 65 
mercaptoethanol linker. The coupled pair of silanes was then 
grafted on mesoporous material, and the sulfonic ester and 
disulfide linkers were then removed to yield a product with 
fixed thiol-sulfonic acid distances.110  The use of different 
solvents is another method that can be used to control the 70 
spatial distribution of the grafted groups.  The degree of 
isolation of grafted groups such as amines can be probed by 
spectroscopic methods.108, 111-113 
 Immobilizing multiple functional groups in MSN produces 
catalysts with advanced properties.  Lin and co-workers 75 
demonstrated that the simultaneous introduction of general 
acids and bases in the surface of MSN by co-condensation can 
lead to the efficient catalysis of a variety of carbon-carbon 
bond forming reactions.  They used 3-ureidopropyl group as a 
general acid and 3-[2-(2-aminoethylamino)ethylamino]propyl 80 
as a general base to perform aldol, Henry and cyanosilylation 
reactions.  The relative amounts of the acid and basic groups 
employed were adjusted to reach the optimal proportions for 
the highest reaction yields.  It was found that the turnover 
number of the bi-functionalized MSN was higher than the one 85 
of physical mixtures of the corresponding mono-
functionalized MSN.  This observation demonstrated that the 
physical proximity and the relative positions of the two 
catalytic groups within the mesopores is key for performing 
the studied reactions.  A cooperative catalytic mechanism that 90 
emulates enzymatic chemistry was proposed to explain this 
unique behavior (Figure 3).114  A later study found a 
dependency of the catalytic activity of the bi-functional 
materials on the density of the immobilized groups.115  More 
recently, Thiel and co-workers demonstrated that MSN bi-95 
functionalized with aminoalkyl chains and p-
ethylbenzenesulfonic groups were also capable of performing 
nitroaldol condensations through a cooperative effect.116 
Fig. 3 Possible mechanism of cooperative catalytic condensation 
by bi-functional MSN. 100 
 Besides creating cooperative interactions, the introduction 
of two functional groups in MSN can be exploited to attain 
another desirable characteristic in a catalyst: selectivity.  
While amine-functionalized mesoporous silicas can catalyze 
condensation reactions such as the nitroaldol,117 they hardly 105 
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display any selectivity between two molecules of similar 
sizes.  By introducing simultaneously a catalytic group and an 
auxiliary group into MSN, Lin and co-workers were able to 
demonstrate that it is possible to create secondary interactions 
that can induce selectivity in the catalyzed reactions.  They 5 
studied the effect of three different auxiliary groups, 
ureidopropyl, mercaptopropyl and allyl on the catalytic 
activity of 3-[N-(2-aminoethyl)aminoethyl]propyl.  When 
evaluating the competition between 4-hydroxybenzaldehyde 
and three different alkoxybenzaldehydes in the nitroaldol 10 
condensation, they observed that the monofunctionalized 
material and the bifunctionalized MSN bearing the 
hydrophilic ureidopropyl auxiliary group gave no selectivity 
between the employed aldehydes.  On the contrary, the 
bifunctionalized MSN bearing the most hydrophobic groups 15 
(allyl > mercaptopropyl) showed a preference for the 
alkoxybenzaldehyde reagents.  The selectivity was the highest 
with the alkoxybenzaldehydes bearing the longest chains 
(heptoxy, 2.5:1 ratio of yields).  This selectivity was clearly 
based on the hydrophobic interactions between the less polar 20 
reactants and the auxiliary groups surrounding the catalytic 
center in the MSN.118 
 The use of modulating secondary groups has been also 
shown to provide selecitivity with MSN-based sensors.  The 
introduction of an amine reactive o-phthalaldehyde hemiacetal 25 
into the pores of MSN was used by Lin and co-workers to 
develop a sensor for dopamine.  The pore size of the material 
provided some degree of selectivity by restricting the access 
to possible interfering molecules such as polymeric amines or 
proteins.  However, since many small amines could still 30 
interfere with the detection of the molecule of interest, a 
second functionalization was performed to further increase the 
selectivity of the sensor.  The hydrophobic propyl, phenyl and 
pentafluorophenyl groups were introduced into the particles to 
create three different bi-functionalized materials.  The 35 
resulting materials were tested in the presence of the targeted 
dopamine and glucosamine, which is similar in size to the 
former but much more hydrophilic.  The bi-functionalized 
materials did not only give a much faster response to 
dopamine than to glucosamine, but also the detection 40 
thresholds of the latter were one order of magnitude lower 
than for dopamine.119 
 Martínez-Máñez and co-workers grafted aminoanthracene 
groups on MSN to act as ATP sensors.  Based on the space 
constriction provided by the pores, the sensing involved the 45 
simultaneous interaction between various aminoanthracene 
molecules with the three acidic phosphate groups of a single 
ATP molecule.  The detection was performed by fluorescence 
quenching.120, 121 
 Mixtures of monofunctionalized MSN can also be used for 50 
one-pot synthesis of multistep reactions that do not require 
proximity between the groups.  This is especially 
advantageous when the catalytic groups are chemically 
incompatible.  Lin et al recently demonstrated this ability by 
functionalizing one MSN with a Brønsted acidic group (4-55 
ethylphenylsulfonic acid) and another one with a basic group 
(3-aminopropyl).  Both MSN were used to catalyze in a single 
pot the sequential conversion of 4-nitrobenzaldehyde methyl 
acetal into its corresponding aldehyde, and the immediate 
coupling of this intermediate with nitromethane to yield (E)-1-60 
nitro-4-(2-nitrovinyl)benzene.  The reaction gave 97.7% yield 
in the presence of the MSN catalysts, while no product was 
obtained when it was performed in presence of soluble para-
benzenesulfonic acid and tert-butylamine.  Remarkably, the 
MSN catalysts allowed the two incompatible species to act 65 
without neutralizing each other despite being set 
simultaneously in the same reactor.  This behavior was not 
possible when either of the groups was added to the reaction 
media as soluble species: upon addition of soluble 
benzenesulfonic acid or tert-butylamine to the reactor 70 
containing the catalysts, the yield dropped to zero.122  Thiel 
and co-workers took a step further by introducing both the 
acidic and the basic groups in the same MSN and 
demonstrating that the abovementined sequential conversion 
was also possible with this material.116 75 
 Mono-functionalized MSN can also be a good activator for 
nucleophilic reactions, as Lin and co-workers demonstrated   
by using N-methyl-N-[4-(dimethylamino)pyridyl]aminopropyl 
(DMAP) functionalized MSN as a catalyst in different types 
of nucleophilic reactions.  The functional group was 80 
introduced in the material by co-condensation to ensure its 
homogeneous distribution over the whole matrix, especially 
within the mesopores.  The efficiency of the resulting catalyst 
was then tested for the Baylis-Hillman, acylation and 
silylation reactions.  These reactions involved the formation 85 
of different types of bonds, namely carbon-carbon, carbon-
oxygen and oxygen-silicon.  The catalyst showed high 
recyclability and high yield, while the same catalytic 
functional group grafted onto silica gel gave poor results.  
Furthermore, no side products of the Baylis-Hillman reaction 90 
between aryl aldehydes and methyl vinyl ketone were 
obtained with the MSN based catalyst.  While the DMAP-
MSN catalyst gave quantitative yield of the desired products, 
homogeneous DMAP gave mixtures of products under the 
same reaction conditions.  This demonstrated that the 95 
functionalization of the internal surface of MSN along with 
the silanol rich environment of the pores impose advantageous 
conditions that lead to high yields and pure products.123 
 Mass transfer can also be enhanced within the pores by the 
participation of functional groups in the internal surface of 100 
MSN as demonstrated by Zink and co-workers.  A cis-trans 
photoisomerizable molecule, 4-phenylazoaniline was 
introduced by co-condensation into MSN.  After loading the 
particles with Rhodamine B, its diffusion from the pores could 
be accelerated by irradiating at 413 nm due to the 105 
isomerization of the phenylazoaniline moeity.  The 
functionalized MSN were then loaded with drugs and 
administered to cancer cells.124 
 The functionalization of the interior of the pores of MSN 
allows further interesting features.  Different groups led by 110 
Bein and by Unger demonstrated that polymers could be 
grown inside of the channels of mesoporous silica.12, 13  Later, 
Cardin, Garcia and co-workers showed that by introducing 
Ni(II) and Zn(II) cations through ion exchange on mesoporous 
silica, alkynes could be polymerized within the material.14 Lin 115 
and co-workers immobilized a polymerization catalyst within 
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the pores of MSN.  This ensured that the resulting polymer 
chains could stay threaded within the pores and well aligned 
with each other, avoiding any undesired crosslinking.  The 
alignment of isolated chains is especially important for 
conductive polymers, if they are to be employed as wires in 5 
electron transfer nanodevices.  The catalytic groups in Lin’s 
approach were obtained by the cocondensation of TEOS with 
N-[3-(trimethoxysilyl)propyl]ethylenediamine.  After 
surfactant removal, Cu2+ was added and chelated within the 
pores. The nanocomposite was then used to promote the 10 
oxidative polymerization of 1,4-diethynylbenzene.  The high 
degree of alignment was demonstrated by a 245 nm 
bathochromic shift in the fluorescence emission, indicative of 
a more effective π-conjugation length of the polymer created 
within the mesopores than the polymer created in absence of 15 
MSN.  Carbon-13 NMR spectroscopy further confirmed the 
high degree of order of the polymer created within the pores 
of MSN, this polymer had well resolved peaks, in contrast to 
the broad overlapping signals observed for the polymer 
prepared in the absence of MSN.15 20 
 The functionalization of the external surface of MSN can 
also be employed for modifying the affinity of the material for 
different suspension media.  By growing poly(N-
isopropylacrylamide) (PNiPam) on the external surface of 
MSN, Lin and co-workers were able to thermally control its 25 
partition between water and toluene. The polymer was grown 
through a living radical polymerization with reversible 
addition-fragmentation chain transfer (RAFT) starting from an 
aminopropyl group anchored to the surface of MSN.  Upon 
heating past a lower critical solution temperature (LCST, 30 
32°C) pure PNiPam changes from a  coiled conformation that 
is soluble in water to a hydrophobic collapsed structure.  
Upon suspending the PNiPam-grafted MSN in the aqueous 
layer of a biphasic water:toluene system, it could be observed 
that the material transferred from the aqueous to the organic 35 
phase when heated above 40°C.  The material was able to 
return to the aqueous phase forming a stable suspension by 
merely cooling the mixture below 40°C. Considering the fact 
that the polymer-coated material still had high surface area 
(683 m2/g) and uniform pore size (23 Å) it was proposed as a 40 
good candidate for temperature dependent phase transfer 
applications.125 
 López and co-workers prepared PNiPam coated 
mesoporous silica microparticles by grafting, and by co-
condensation of the precursors followed by polymerization.  45 
They demonstrated that the coated particles were able to 
absorb fluorescein from an aqueous solution at high (50°C) 
but not at low (25°C) temperatures.  Accordingly, the dye-
loaded particles were able to release their cargo in a fresh 
solution only at 50°C  but not at 25°C (Figure 4a and b).  In 50 
this way they demonstrated the polymer could work as a 
temperature-responsive gatekeeper for the mesoporous 
silica.126  Interestingly, when Oupický and co-workers 
attached pre-synthesized PNiPam polymer to a 
mercaptopropyl-containing MSN with smaller pores, they 55 
observed the opposite uptake and release behavior than the 
one reported by López.  They observed that loading and 
release of a dye occurred mainly at low temperatures (25°C) 
while little or no exchange occurred at higher ones (>38°C).  
They rationalized their observation by considering that López 60 
used a material with larger pores than theirs, and that the 
polymer was grown mainly in the outside of the particles in 
López work.  Conversely, in the work of Oupický the polymer 
was attached to the entrances to the smaller pores of the 
material.  In this case the collapsed (high temperature) form of 65 
the polymer blocked completely the pores, while the high 
temperature conformation expanded outward of the pores.127 
(Figure 4c and d) Using a similar approach to the one of 
Oupický,  Li and co-workers attached PNiPam to MSN, 
loaded a fluorescent dye into the composite at 20°C and 70 
demonstrated the delivery of the dye-loaded material into 
human breast carcinoma cells.128  In a different work, Shi and 
Zhu coated MSN with a layer of poly(allylamine 
hydrochloride) after loading its interior with the antibiotic 
gentamicin.  They demonstrated the composite was able to 75 
retain the drug and release it upon suspending the material in 
acidic pH.129 
 The first report of the uptake of MSN by cells was made by  
Lin’s group, when the material was employed as a vehicle to 
deliver DNA into astroglia, hamster and human cancer cells.  80 
MSN was grafted with isocyanatopropyltriethoxysilane 
followed by coupling reaction with amine-terminated second 
generation polyaminoamide (G2-PAMAM) dendrimer.  The 
G2-PAMAM MSN was then non-covalently combined with a 
plasmid DNA encoding enhanced green fluorescent protein 85 
from Aequorea victoria (pEGFP) and delivered to cell cultures 
for transfection.  The composite proved to be more effective 
for inducing the expression of EGFP in the cells than 
commercial transfection reagents, as demonstrated by flow 
cytometry.  Furthermore the strength of the association of the 90 
pEGFP G2-PAMAM MSN composite was demonstrated by 
observing that the DNA was unable to detach from the MSN 
and migrate in an electrophoretic setup.  The nanocomposite 
also demonstrated to be capable of providing extra stability to 
the DNA by effectively protecting it against degradation by 95 
nucleases.  The loading of Texas Red dye into the pores of the 
nanoparticles demonstrated that the green fluorescent 
transfected cells were indeed the ones that had  endocytosed 
the MSN.42 
 100 
Fig. 4 Two methods for preparing PNiPam/MSN composites: (a,b) the 
organic is polymerized on the exterior of MSN, or (c,d) the pre-formed 
polymer is attached to reactive groups at the entrances to the pores. The 
polymer is extended at low temperatures (a,c), or collapsed at high 
temperatures (b,d). 105 
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Fig.5 MSN as an intracellular controlled double delivery system.  a) release of plasmid DNA after crossing cell membrane, and b) release of its activator 
β-estradiol upon addition of a reducing agent. 
 In order to study the uptake of MSN by mammalian cells 
with more detail, Lin and co-workers functionalized the 5 
external surface of the particles with different groups.  
Knowing that the external membrane of  HeLa cancer cells 
has a negative potential,130 a series of organic functional 
groups with different degrees of positive charge were grafted 
to the external surface of fluorescein-labeled MSN.  The 10 
groups tested were 3-aminopropyl (AP), 3-guanidinopropyl 
(GP) and N-(2-guanidinoethyl)-3-guanidinopropyl (GEGP).  
When grafted onto the labeled MSN, these groups showed 
increasingly positive values of ζ-potential.  The potentials 
correlated well with the endocytosis efficiencies of the 15 
materials by the cells, in the order MSN < AP-MSN < GP-
MSN < GEGP-MSN.  Based on the fact that cancer cells 
overexpress receptors for folic acid, the external surface of 
MSN was then functionalized with folate moeity.  When 
testing the uptake efficiency of the resulting material, it 20 
proved to be superior to the previously tested MSN materials.  
Competition assays demonstrated that the uptake proceeded 
by a receptor-mediated pathway.  Further experiments showed 
that the uptake proceeded through clathrin coated endosomes 
for MSN, and through a non-clathrin non-caveolae mediated 25 
process, presumably by pinocytosis, for the nitrogenated 
species.  The ability of MSN to escape from endosomes was 
also demonstrated in this study.55  Similar results were 
reported later by other research groups.62, 131, 132  Yeung, Lin 
and co-workers reported later the tracking of individual MSN 30 
into single cells by differential interference contrast 
microscopy.133 
 Given the large surface area of MSN and the ease with 
which it is taken up by cells, the material can be used as a 
convenient way to achieve high intracellular concentrations of 35 
chemicals of interest.  Such local concentrations can be 
achieved by attaching the desired groups with labile covalent 
bonds to the large surface of MSN.  For example, Lin and co-
workers showed recently that the amino acid cysteine can be 
administered to mammalian cells with effective concentrations 40 
up to 400 times higher than the ones achieved by the 
conventional caged-cysteine approach.134 
 The difference between functionalizing the interior of the 
mesopores or the exterior of MSN can also have interesting 
consequences in the biomedical field, as recently 45 
demonstrated by Lin and co-workers.  When a membrane 
impermeable nucleotide intercalating phenantridium group 
was grafted on MSN, it could be readily internalized by 
cancer cells.  However, when the phenantridium group was 
grafted on the exterior surface of the particle it proved to be 50 
capable of binding cytoplasmic RNA leading to severe cell 
growth inhibition.  To the contrary, when the group was 
bound to the interior of the pores it was unable to bind 
nucleotides and showed no toxicity even if it was efficiently 
internalized by the cells.135 55 
 MSN can be functionalized with different groups that 
enable its tracking after being administrated to living mice.  
This was recently demonstrated by Lin and co-workers who 
used Gd(III)-immobilized in MSN for magnetic resonance 
imaging (MRI),136 by Mou and co-workers who used iron 60 
oxide nanoparticle-bearing MSN also for MRI,100 and more 
recently by Yang, Lo and co-workers who adsorbed the near 
infrared (NIR) active dye indocyanine green to 
trimethylammonium-functionalized MSN for optical imaging 
in living mice.137  All the studies reported that shortly after 65 
administration, MSN was located mainly in the liver, and that 
it displayed no noticeable toxic effects at concentrations high 
enough to enable in vivo imaging. 
 Just as amorphous mesoporous silica has been used as a 
hard template for preparing carbon or metal replicas,138, 139 70 
MSN can be used as a template for other mesoporous 
nanoparticles.  Lin and co-workers used MCM-48 type MSN 
to prepare mesoporous carbon nanoparticles (MCN), and 
demonstrated that they were also readily internalized by 
human cancer cells.  MCN also proved to be capable of 75 
transporting membrane impermeable molecules into cells.67 
 While nanoparticle endocytosis by animal cells has been 
known and studied for many years, the same process had not 
been previously observed in plant cells.  When trying to 
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extend the applications of MSN to use it as an intracellular 
delivery agent for plant cells Wang, Lin and co-workers 
noticed that non-functionalized material was not up taken by 
protoplasts.   However, upon functionalizing the exterior of 
the particles with triethyleneglycol (TEG), they observed for 5 
the first time how MSN was endocytosed by the protoplasts.  
Furthermore, when a GFP encoding DNA was adsorbed to the 
TEG-MSN, the composite proved to be more effective than 
the standard polyethyleneglycol transfection agent for 
inducing the expression of the genes in protoplasts.  When 10 
trying to introduce the MSN into plant cells that still had an 
intact cell wall, they found that neither non-functionalized 
MSN nor TEG-MSN were able to penetrate the cell walls even 
with the use of a gene gun system.  However, upon chemically 
linking gold nanoparticles to the MSN, the composite became 15 
dense enough to penetrate the rigid cell walls of the plant.  
Furthermore, since the gold nanoparticles could be attached to 
the mesopore entrances, they were used as removable caps, 
thus enabling the use of the composite material as a twofold 
delivery system (Figure 5). MSN was first loaded with β-20 
estradiol, which was a promoter for the activation of the GFP-
encoding plasmid DNA that was going to be delivered into the 
plant cells.  The pores of the MSN were then capped with gold 
nanoparticles, using a disulfide bond as the linking moeity  
that could be cleaved by a reducing agent.  The gold-capped 25 
MSN was then coated with the GFP pDNA.  After introducing 
the nanocomposite into the plant cells by means of the gene 
gun, it was observed that the plants expressed the delivered 
gene only when a reducing agent was added to the 
experimental setup.  The application of the reducing agent 30 
induced the uncapping of the composite, to release the β-
estradiol from the pores of MSN, and activate the processing 
of the DNA.  As a result the encoded GFP was expressed by 
the plant cells.  This demonstrated that MSN has the ability to 
co-deliver different chemicals into plant cells with a precise 35 
control of location, time and sequence of release of the 
transported species.56 
 
3.4 Functionalization at the pore entrances 
 In their pioneering work, Fujiwara and co-workers, found 40 
that the short time grafting of silanes on MCM-41 that still 
contained surfactant, produced a dense functionalization at the 
pore entrances.  Based on this observation, they proposed the 
use of the voids of mesoporous silica as reservoirs to load and 
release molecules in a controlled fashion.  In their system they 45 
grafted 7-[(3-triethoxysilyl)propoxy]coumarin molecules at 
the pore entrances of MCM-41, then they removed the 
surfactant by acid-extraction and loaded cholestane into the 
pores.  The pore entrances were closed by the photoactivated 
dimerization of the coumarin groups to yield cyclobutane 50 
bridges.  This reaction takes place by irradiation of the 
material at wavelengths longer than 310 nm.  They 
demonstrated that by irradiating the capped material at 250 
nm, the loaded cholestane could be released due to the 
cleavage of the cyclcobutane moeity.140, 141 55 
 Later, Lin et al demonstrated that solid nanoparticles could 
also be used as cleavable caps for loading and releasing 
molecules of interest from MSN.  Carboxy-derivatized CdS 
nanoparticles were bound to 2-(ethyldisulfanyl)ethylamino 
functionalized-MSN (Figure 6).  Two active species, namely 60 
the drug vancomycin and ATP, were loaded into the MSN, 
and then capped with the CdS nanoparticles.  The controlled 
release of the loaded species was triggered by the addition of 
mercaptoethanol (ME), which was able to reduce the disulfide 
link existing between the MSN and the smaller CdS caps.  65 
This system was used to release ATP and observe its effects 
on a culture of astrocytes.  The astrocytes were placed in a 
flow cell that had the capped ATP-loaded MSN immobilized 
on its surface.  After application of ME trigger, the release of 
ATP was observed by its effect on a sudden intracellular 70 
elevation of the Ca2+ levels.  Only cells downstream of the 
ME showed Ca2+ increase, while the ones upstream remained 
low in Ca2+, thus demonstrating the applicability of capped 
MSN systems.40 
 Yeung, Lin and co-workers evaluated the efficiency of 75 
capping and the speed of uncapping and release of cargo 
molecules from MSN at microscopic level.  ATP-loaded MSN 
were capped with CdS nanoparticles or two different 
generations (G2.5 and G4.5) of PAMAM dendrimers.  The 
three caps were attached to MSN by means of disulfide 80 
linkers.  The materials were then treated with different 
reducing agents.  The release of ATP was monitored by its 
activation of the chemiluminescence of firefly luciferase 
which displays a very fast and intense signal.  This reaction 
enabled a limit of detection of 0.5 nM ATP, with a time 85 
resolution of 1000 ms.  The steric constraint of the uncapping 
process was evidenced by observing that only 2 minutes were 
needed by dithiotreitol to promote a maximum release of 32 
nM ATP from CdS-capped MSN, while 8 minutes were 
necessary for the bulkier tris(carboxyethyl)phosphine to 90 
induce a maximum release of only 4.5 nM ATP.  Furthermore, 
while the CdS-capped MSN showed a fast and large release 
that needed only 6 minutes to be completed, the ATP 
discharged from G2.5 and G4.5 PAMAM-capped MSN were 
much slower and lasted longer: from 20 minutes to 2 hours 95 
with a maximum around 1 hour for G2.5 PAMAM, and from 5 
minutes to 1 hour with a maximum at 11 minutes for G4.5 
PAMAM.  The amount of ATP released from the PAMAM-
capped particles was much larger than the one released from 
the CdS-capped MSN.  TEM imaging showed that the capping 100 
efficiency of the dendrimer was almost complete while the 
CdS capping efficency was much lower.  These results lead to 
the conclusion that solid nanoparticle caps are more 
convenient for fast release of small amounts of cargoes, while 
flexible macromolecular caps are more adequate for the steady 105 
release of larger amounts of cargoes over longer periods of 
time.142 
 The strategy of capping with cleavable disulfide bonds was 
later employed by Fujiwara and co-workers to prepare gated 
mesoporous silica.  They reacted 6-hydroxy-2-110 
naphtyldisulfide with 3-(triethoxysilyl)propyl isocyanate  and 
grafted the product on aluminum-loaded mesoporous silica. 
The cap, that could be cleaved wih reducing agents, was used 
to control the catalysis of the dimerization of α-methylstyrene. 
By controlling the opening of the pores, they demonstrated 115 
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that the reaction could occur only inside of the pores where 
the catalytic aluminum species were present.143 
 
Fig.6 TEM image of cadmium sulphide capped MSN. 
 Recently, Feng and co-workers used also disulphide bonds 5 
as cleavable moeities for preparing gated MSN.  They used 
disulfide groups to cross-link poly-(N-acryloxysuccinimide) 
chains that were grafted on MSN.  They demonstrated that 
upon cross-linking the polymer, the dye rhodamine B could be 
loaded and retained by the particles.  The release of the 10 
fluorescent cargo was achieved by breaking the bonds using 
the disulfide reducing agent dithiothreitol.144 
 After Fujiwara’s et al early work,140 many photochemical 
reactions have been used for capping and uncapping MSN.  
Brinker and co-workers used the cis-trans photoisomerization 15 
of azobenzene to change the effective pore size of the 
materials and thus control the diffusion into the pores.145  
Recently, Kim and co-workers placed bulky cyclodextrin 
groups at the pore entrances of MSN.  The cyclodextrin 
moeity was attached to the MSN by a photocleavable o-20 
nitroester bond which upon irradiation at 350 nm was able to 
release pre-loaded calcein.146  Martínez-Máñez and co-
workers grafted MSN with 1’-[(3-triethoxysilyl)propyl]-3’,3’-
dimethyl-6-nitrospiro[2H-1]benzopyran-2,2’-indoline, which 
could be photochemically transformed from a neutral 25 
spiropyran structure into a positively charged merocyanine by 
application of UV irradiation.  Upon irradiation with visible 
light the spiropyran form could be regenerated.  When the 
grafted molecule was in its merocyanine form, the negatively 
charged G1.5 PAMAM dendrimer could be adsorbed at the 30 
pore entrances, thus establishing a closed system.  The release 
of a pre-loaded dye by photoconversion of the grafted 
molecule into the neutral spiropyran form was then 
demonstrated.  The authors proposed the system as a logic 
NAND gate for signal transduction.147 35 
 Recently, Lin et al used an o-nitroester group which was 
electrostatically linked to gold nanoparticles for capping 
MSN.  The nanocomposite was loaded with the anti-cancer 
drug paclitaxel and administered to fibroblast and liver cells.  
The drug-loaded MSN was shown to be readily endocytosed 40 
by the cells, without showing any cytotoxicity for various 
days, demonstrating zero leaching from the capped material.  
The cells that took up the material were then irradiated for a 
short time with a low-intensity ultraviolet lamp.  This 
irradiation proved to be enough to cleave the o-nitroester 45 
linker and uncap the nanocomposite.  This produced the 
release of the preloaded drug which led to significant cell 
death.  It must be noted that the irradiation of cells that were 
not exposed to the material, or that had material without any 
loaded drug, did not lead to cell death.148 50 
 Another interesting method of uncapping MSN was 
recently offered by Lee and Kwon. They linked a carboxy 
substituted ferrocene complex to aminopropyl derivatized 
MSN, and demonstrated that the complex could be cleaved 
upon ultrasound irradiation, consequently opening the pores 55 
of MSN.149 
 Kim and co-workers used pseudorotaxanes as removable 
caps for MSN.  They functionalized MSN with 
polyethyleneimine groups and used them as stalks for the 
threading cyclodextrin moeities.  The system was able to cap 60 
MSN at basic pH due to the deprotonated state of the 
polyethylimine group.  Upon acidification the positive 
charged stalks rejected the cyclodextrin moeities thus 
uncapping the system.150  The system was later modified by 
introducing a photocleavable linker, and was designed to 65 
respond to two different stimuli, namely irradiation or 
enzymes to break o-nitrobenzyl ester based stalks.151  Zink, 
Stoddart and co-workers developed a series of pseudorotaxane 
based systems capable of opening and closing the pores of the 
MSN in a controllable fashion using redox,152, 153 pH,154, 155 70 
enzymatic,156 and photochemical triggers.157, 158  Recently 
they combined the previously developed phenylazoaniline 
based nanoimpelers with a pH responsive rotaxane to achieve 
a release from MSN controlled by both photochemical and pH 
based triggers.159  Feng and co-workers prepared recently a 75 
rotaxane based capped MSN system, that could be capped by 
crosslinking poly(N-acryloxysuccinimide) with a 
cyclodextrin-diazo based rotaxane.  The crosslinking was 
achieved by disulfide bond formation between the diazo stalk 
and the polymer, and the system could be uncapped either by 80 
photochemical or disulfide-reducing triggers.160 
 The capping of MSN can be achieved also through ionic 
interactions.  In a series of works, Martínez-Máñez and co-
workers used polyamines to control the access to or the 
release from the pores of MSN.  The polyamines are able to 85 
keep the pores open at neutral to basic pH due to hydrogen 
bonding interactions between the amine groups.  However, at 
acidic pH the coulombic repulsion between the ammonium 
cations induce pore closing.  The traffic through the pores was 
also shown to be controlled by the presence of different sized 90 
counterions.  Large polyanions like ATP are able to strongly 
coordinate the polyamines, and in this way improve the 
sealing of the pore entrances even at pH 5.  On the contrary, 
small anions like chloride cannot coordinate strongly with 
polyamines, which renders the pore entrances open at the 95 
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same pH.  This was demonstrated by restricting the access of 
a dye that bleached only if it was able to penetrate the interior 
of the pores where mercaptopropyl groups could react with 
it.23, 161  The system was later used to load and release vitamin 
B.162  A similar, perhaps complementary system, was the one 5 
developed by Xiao and co-workers, who used a 
carboxyfunctionalized mesoporous silica material to interact 
with a soluble polyanion closing the pores at neutral pH.  
They loaded a drug and demonstrated its retention at neutral 
pH and its release at acidic pH.163 10 
Fig.7 Insulin-capped MSN.  The removal of the insulin caps (a) is 
triggered by the presence of an excess of blood glucose (b).  The 
preloaded cAMP (c) are released later to boost production of insulin by 
pancreas beta cells. 
 The capping agent can provide additional functionality to 15 
the MSN.  This was demonstrated when Lin et al used 
superparamagnetic iron oxide nanoparticles as removable caps 
for MSN.  This  nanocomposite was used to deliver a pre-
loaded fluorescent dye into cancer cells.  Besides 
demonstrating the cellular uptake and the controlled release 20 
properties of the material, it was shown that the cells that had 
endocytosed the MSN could be moved by means of an 
external magnetic field.  The combination of these properties, 
intracellular delivery and ability to magnetically harvesting 
cells, proved to substantially increase the potential of 25 
controlling cellular processes with capped MSN systems.164  
Protein molecules can also be employed as caps, an example 
of this was recently demonstrated by Martínez-Máñez and co-
workers where hapten-derivatized MSN were recognized and 
bound by an antibody.  Upon addition of a competing antigen, 30 
the antibody separated from the hapten, uncapping the pores 
and allowing the release of a preloaded dye.165  Another 
example of the utilization of a protein as a cap for MSN was 
the use of Bein and co-workers of biotin-avidin.  In this study 
the authors demonstrated a system to release dye from MSN 35 
by applying a protease.166   In a similar approach Martínez-
Máñez and co-workers used lactose as a cap for mesoporous 
silica and described the release of a dye by the introduction of 
a galactosidase in the solution.167  The use of biomolecular 
caps for MSN can be even more advantageous if they play an 40 
active role besides of closing the pores.  Such a behavior was 
recently reported by Lin and co-workers when they used 
gluconate-derivatized insulin to cap boronate-derivatized 
MSN.  The system was designed to respond to short and long 
term homeostatic deficiencies present in diabetic patients.  45 
The authors demonstrated that the gluconic acid-derivatized 
insulin that capped their MSN was removed from the system, 
only in the presence of high amounts of sugar in solution.  
The concentration of sugar required to trigger the release of 
the protein corresponded precisely to the critical threshold of 50 
high blood sugar in diabetic episodes.  Furthermore, since the 
active molecule was already a cap, the system was still 
capable of acting as a delivery agent for a second molecule 
trapped inside of the pores (Fig. 7).  The authors loaded the 
system with cyclic adenosine monophosphate (cAMP), which 55 
acts intracellularly as a trigger for the production of insulin by 
pancreatic cells.  The authors demonstrated the uptake of the 
MSN by pancreas beta cells, and the induction by the released 
cAMP of the production of insulin by those cells.168 
4. Conclusions 60 
 The structural properties of MSN, namely particle size and 
morphology and pore size and morphology, can be precisely 
tailored during their initial synthesis.  These characteristics of 
the materials enable the functionalization at specific regions 
of the particles.  The introduction of functional groups on the 65 
external surface of the material allows for interaction control 
of the particles with their environment.  Locating different 
functionalities inside of the nanosized pores gives rise to 
confinement effects that facilitate cooperative interactions 
among them.  The functionalization at the pore entrances 70 
produces a gatekeeping behavior providing a selective 
permeability to the pores either by self regulated or externally 
controlled mechanisms.    It is thanks to this structural control, 
that a wide variety of stimuli-responsive properties have been 
adapted to MSN to render highly specialized nanodevices for 75 
a growing number of applications which include but are not 
limited to catalysis, adsorption, drug delivery, sensing and 
bioimaging. 
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